Introduction
The Water Framework Directive (WFD) (CEC, 2000) and other European legislation and standards (e.g., European Standard EN752:2008) promote the protection of water resources and establish increasingly high performance requirements for planning, design and operation of urban wastewater systems. Consequently, costs of water services are due to rise (Barraque, 2003) .
The selection and prioritization of interventions becomes particularly relevant, and there is a clear requirement for the development of methods that analyze and predict sewer performance. Numerical integrated modelling became a standard procedure to optimise urban wastewater systems management and operation (Rauch et al., 2002; Erbe et al., 2002; Schütze et al., 2002) . Performance assessment is also an increasingly important field of knowledge (Cardoso et al., 2005; Saegrov, 2006; Murray et al., 2009) viewed has an integrated management tool useful for rehabilitation planning, in order to prioritise areas of intervention in a decisionmaking context as well as to assess the performance benefits of each intervention. Substance flow analysis (SFA), combined with mass balances, is another tool to perform sewer systems analysis that has proved to be appropriate to highlight pressures on the receiving waters and to pinpoint information gaps (Benedetti et al., 2008) . Nevertheless, complex approaches are seldom used by practitioners for planning urban drainage systems (Erbe and Schütze, 2005) . This is part due to the systems complexity, part to the lack of sufficient data and part to the incompatibility between the time required to develop and validate such modelling approaches and the time demands of decision makers.
To overcome these problems, a straightforward approach for assessing and support the upgrading the environmental performance of integrated urban drainage systems is proposed. The INtegrated Simplified Approach (INSA) combines the concepts of performance indicators with mass balances and can be used as a management support tool able to assess the integrated environmental performance of urban wastewater systems including combined, separate or partially separate sewers and WWTP. This simplified approach is particularly indicated in cases of scarceness of data, or on situations in which the application of complex analysis is difficult or involves a high level of uncertainty. This paper presents the INSA model and its application to the Algés-Alcântara wastewater system, in Lisbon, Portugal.
Model development

Model overview
The INSA was developed considering its application to countries where most urban sewer systems have a pseudo-separate performance, discharge treated and untreated wastewater into receiving waters and complex models and monitoring of existing sewer systems are not fully implemented. This methodology provides a quantifiable, performance-oriented means of comparing and prioritizing different upgrading actions or rehabilitation scenarios (e.g., WWTP upgrading, stormwater source control, reducing overflows by increasing storage or by increasing the hydraulic capacity of the system).
The INSA is based on the determination of performance deficiency indicator (PDI) of the system, under both dry and storm weather conditions, using Equation (1):
where RL is the pollution load discharged into the receiving waters by the integrated system (sewers and WWTP) and TRL is the theoretical reference load discharged into receiving waters by a separate sewer system in which all domestic wastewater is treated in an adequate secondary wastewater treatment plant (WWTP) and all the stormwater is directly discharged without being submitted to any treatment. Higher values are obtained for worst environmental performances. As in most numerical models of water quality, the chemical oxygen demand (COD) is used as a general indicator of organic pollution. However, identically to other performance assessment tools (Benedetti et al., 2006 (Benedetti et al., , 2008 , other pollutants such as BOD, TN, TP and microorganisms may be selected.
In the absence of more detailed local information, the COD TRL is estimated considering the following values: a) COD mean concentration in wastewater (C W ) 600 mg/l; b) COD mean concentration in rainwater runoff (C R ) 200 mg/l; c) COD mean concentration in WWTP effluents (C TE ) 125 mg/l.
The C W value considered is typical of domestic wastewater (Tchobanoglous et al., 2003) . The adopted value for C TE corresponds to the maximum COD concentration in a secondary WWTP (according to Directive 91/271/CEE). The C R value of about 200 mg/l was obtained during experimental campaigns carried out in the Alcântara basin, in Lisbon, Portugal (Ferreira, 2006; Gondim, 2008) .
Performance deficiency indicators may be determined through Equation (1), both in dry weather and wet weather (PDI DW and PDI i , respectively), considering different rain events with known intensities and frequencies. It is then possible to estimate an annual performance deficiency index (APDI) considering the average annual duration of each rain event (D a i ) and of the dry weather period (D a DW ), as expressed by Equation (2).
Assumptions and limitations
The application of the INSA requires data regarding the local precipitation pattern, the basic characteristics of the catchments and the hydraulic capacity of the sewer system and the WWTP treatment level. The INSA considers the following principles and assumptions:
The sewer system does not have significant storage capacity and there is no reduction in flow peaks during transport. The theoretical reference load (TRL) is calculated considering average domestic wastewater flows and the runoff generated by rain events. Infiltration contribution for pollution is not considered relevant. COD concentration of the WWTP effluent is considered to be constant over time. Overflows are not subject to any treatment.
Due to its simplicity, the INSA presents some limitations. This approach only allows the assessment of the average performance of wastewater systems. For instance, individual CSO discharges, which may cause local problems, are not evaluated and overflow frequency is not explicitly considered.
Equations and numerical model
The INSA can be applied to wastewater systems serving single drainage basins, and to multiple drainage basins in series or in parallel with the sewer lines. The equations and numerical model presented in the following paragraphs were deduced considering single drainage basins. The equations for wastewater systems serving multiple drainage basins in series or in parallel with the sewer line are summarized in Appendix A.
The quantification of dry and wet weather flows is required to determine RL and TRL values. Average dry weather flow (F a ) can be subdivided into two fractions: the amount of wastewater that reaches the WWTP through the sewer system (F aS ) and the amount directly discharged into receiving waters without any treatment (F aD ), as expressed by Equations (3) and (4):
where ps is the fraction of population served by the wastewater system. Generally, in the major cities of developed countries, it is assumed that ps z 1 thus F aD z 0, meaning that all dry weather flow is adequately treated before discharging into receiving waters.
Stormwater generated by a given rain event (F r ) is considered subdivided into two fractions: the amount that enters the combined or partially separate sewer system draining to the WWTP (F rS ) and the amount that is directly discharged into receiving waters through surface runoff or through separate stormwater sewers (F rD ). These fractions can be computed by Equations (5)e(7), respectively:
where C is the rational method coefficient, I is the average rain intensity, A is the catchment area and 4 is a coefficient related to the percentage of stormwater entering the sewer system. The Considering the overall capacity of the system, overflows occur if the flow entering the system (stormwater flow, F rS , plus the dry weather flow, F aS ) exceeds its capacity (Cap S ) as expressed by Equation (8):
The overall capacity of the system is given by the most restrictive infrastructure in terms of hydraulic capacity (including the WWTP) and corresponds, in most cases, to the hydraulic capacity of an infrastructure connecting different drainage basins. It can correspond to the installed pumping capacity, to flows discharged by weirs or regulation valves associated with them, or it can be estimated by Manning equation (for sewers and interceptors), considering full flow. In these cases, the Manning's roughness coefficient should be back calculated from field measurements, or estimated through field inspections based on pipe materials and conditions.
Under overflow conditions, the fraction F rS can be further subdivided in two parts as expressed in Equations (9) and (10). These parts include the fraction that enters the system and is treated in the WWTP (F rST ), and the fraction that enters the system but is discharged as overflow without being treated (F rSD ).
The average COD concentration of overflows (C a ) may be estimated using Equation (11) that expresses a mass balance:
where m ¼ F rS /F aS is the mean mix ratio between stormwater and domestic wastewater during overflow events. Equation (11) does not take into account the increase usually observed in pollutant concentrations during the initial phases of hydrograms, mostly due to first flush effects (i.e., the mobilization of material accumulated during antecedent dry weather periods).
The theoretical reference COD load (TRL
Q2
) and the actual COD load (RL) discharged into the receiving waters both by the sewer overflows and the WWTP, are evaluated through Equations (12) and (13).
Taking into account the model equations, it may be concluded that for a given rain event, the PDI and the APDI mostly depend on the following parameters: system capacity (Cap s ), rational method coefficient (C), percentage of population in the drainage area served by the system (ps) and percentage of stormwater entering the sewer system (4). A sensitivity analysis is a valuable way of assessing which are the more relevant model parameters and can produce much insight into the impacts of different rehabilitation measures. Therefore, a sensitivity analysis on these parameters was conducted (Ferreira, 2006) . In consistence with results attained by Benedetti et al. (2006 Benedetti et al. ( , 2008 , the obtained results indicate that the parameter which produces the larger impact on the model is the percentage of served population. Consequently, while operating and managing the system, priority should be given to the measures that contribute to the increase of ps, such as the correction of wrong connections that lead to direct discharges of domestic wastewater into receiving waters.
3. Materials and methods: application of the INSA model to urban drainage basins in Lisbon
Sewer system
The INSA was applied to the Algés-Alcântara basin (22.5 km 2 ;
126 000 e.p.), located in Lisbon, Portugal. This basin serves part of the municipalities of Amadora, Oeiras and Lisbon and belongs to the Alcântara urban drainage system, which is the major urban drainage system in Lisbon. The Alcântara system collects and treats wastewater from four major basins (Zona Alta, Algés-Alcântara, Cais do Sodré-Alcântara and Terreiro do Paço-Alcântara) and serves up to 756 thousand inhabitants. The Algés-Alcântara wastewater system comprises separate and partially separate sewers (60%) as well as combined sewers (40%). It discharges into Tagus River and includes one main interceptor (4.5 km; f800 to 1200 mm), three drainage basins installed in series (B1, B2 and B3), three pumping stations (EE1, EE2 and EE3) and one WWTP (see Fig. 1 ). Fig. 2 also shows the location of the 19 weirs through which dry weather flows (and part of wet weather flows) are diverted to the main interceptor and then transported to the WWTP. SIMTEJO, S.A. (Saneamento Integrado dos Municípios do Tejo e Trancão, S.A.), the utility that manages the sewer system, is upgrading the Alcântara WWTP to secondary treatment plus final effluent disinfection. The design capacity of the treatment plant is approximately 3.3 m 3 /s in dry weather. The plant also includes physicalechemical processes designed for an additional 3.3 m 3 /s, thus offering full readiness in treating wet weather flows. The expected cost of the total intervention is over 60 million Euros. The Algés-Alcântara wastewater system was chosen for the application of the INSA due to its complexity to the operation and infrastructural problems that severely affect its environmental performance. These problems include: malfunctioning weirs; severe structural damage in Monsanto main sewer; pumping stations with mechanical problems; coastal flat areas (located at lower topographic levels) not connected to the interceptor; infrastructures located at lower levels subject to tidal effects. Moreover, it was necessary to evaluate the environmental impact of different rehabilitation measures in order to prioritise investments, at a global planning scale. The application of complex integrated models was not feasible given the lack of detailed data (e.g., full characterization of sewers and interceptors, quality data and performance results under wet weather), the absence of results concerning monitored flows and levels, and the time constraints of the study. 241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305   306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370 YJEMA2852_proof ■ 21 July 2011 ■ 3/9
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Receiving waters and corresponding APDI classification
A conventional performance grading was established for the Lisbon wastewater system discharging into the mouth of the Tagus estuary, as a mean of evaluating the system performance and assessing the priority of different rehabilitation measures.
The APDI limit values depend on the system analysed (namely on the level of treatment of the WWTP) and on the uses and sensitivities of the receiving waters. In case of sensitive areas or receiving waters with specific uses, which are subject to more stringent performance demands, the limit values should be stricter. Furthermore, the pollution parameter in which the INSA is based (in this case, COD), might differ accordingly to the usage/sensitiveness of the receiving waters (e.g., TN and/or TP in areas in risk of eutrophication, or faecal coliforms in areas prone to direct human contact).
The APDI corresponding qualitative classification depends on the characteristics of the receiving waters, thus being site specific. In addition, once the legal requirements are met, the organizational goals and objectives of the company that manages the system Compute RL and TRL (mass balances)
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In the present case study, the APDI qualitative classification was established taking into account that the urban wastewater system was discharging into receiving waters identified as non sensitive areas (according to Directive 91/271/EEC). Furthermore, the hydrodynamic of the receiving waters, which is favourable to dilution of pollutants and dispersion effects, was considered. It can be pointed out that, at the mouth of the Tagus, the action of the tide is responsible for the dominant flows and maximum velocities over 1 m/s are registered, reaching more than 2 m/s when there is a spring tide (in the ocean currents are usually less than 0.2 m/s) (Costa et al., 1992) .
Given the receiving waters characteristics and the concerns of SIMTEJO, S.A., the qualitative classification for the APDI presented in Table 1 was proposed (HIDRA, 2005) .
The APDI values presented in Table 1 and the corresponding classification should be regarded as adequate for the present case study but should be adjusted in other situations.
Rainfall data
All calculations were made on an average yearly basis, considering precipitation data obtained through the analysis of a 19 yearlong series of Lisbon precipitation records digitalized by Pereira (1995) . In average, rain events occur in 107 days per year (but only last for 12% of the time of the year). In Table 2 the average intensities and durations for the frequent rain events (occurring more than once a year) are presented.
Evaluated alternatives
In view of the operational and infrastructural problems that severely affect the Algés-Alcântara wastewater system performance, three main rehabilitation interventions were considered:
A. Reconstruction of Monsanto main sewer. B. Rehabilitation of all problematic weirs. C. Connection of coastal flat areas not yet served to the interceptor.
Several alternatives were then evaluated, corresponding to the worst operation situations and to the gradual implementation of the proposed interventions (individually or combined): A1) pumping station EE3 out of order, resulting in the direct discharge of wastewater into receiving waters (worst case performance); A2) present situation (considering a secondary WWTP and the current sewer system problems); A3) reconstruction of Monsanto main sewer (intervention A); A4) rehabilitation of all problematic weirs (intervention B); A5) reconstruction of Monsanto main sewer and rehabilitation of all problematic weirs (interventions A and B); A6) similar to A5, including the connection of coastal areas to the interceptor (interventions A, B and C); A7) rehabilitation of all problematic weirs and connection of coastal areas to the interceptor (interventions B and C).
In Table 3 the population served in each alternative and the percentage of stormwater entering the combined sewer system are presented, as well as the estimated costs of interventions proposed.
Results and discussions
The INSA was applied to the Algés-Alcântara system so as to evaluate its environmental performance and to simulate the individual or combined impact of the rehabilitation measures proposed, thus assessing their priority. The APDI were computed for each alternative considering the average precipitation data in Table 2 . The obtained values and corresponding performance classification are displayed in Fig. 3 .
From Fig. 3 it can be seen that, despite the investment made upgrading the WWTP, the performance of the integrated wastewater system is classified as very deficient (APDI of A2 is 3.09). It is evident that the interventions A and B (or A, B and C) must be implemented to ensure an acceptable environmental performance of the system (alternatives A5 or A6). The results also demonstrate that it is more effective to rehabilitate the malfunctioning weirs than to reconstruct the damaged Monsanto main sewer (APDI of A4 is smaller than APDI of A3). Table 4 shows the APDI reduction obtained through the implementation of each alternative, in comparison with the present situation (A2). The prioritization of alternatives may be based on the total cost per APDI reduction unit, also displayed in Table 4 .
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Please cite this article in press as: Ferreira, F., et al., Assessing the environmental performance of urban wastewater systems using the INSA model: Application to the Algés-Alcântara wastewater system, in Portugal, Journal of Environmental Management (2011), doi:10.1016/ j.jenvman.2011.07.007 be given to implement alternative A5. It should be noticed that, globally, the rehabilitation of all problematic weirs (intervention A, included in alternative A4), is the one with lowest cost per APDI reduction unit. Furthermore, if considered as an individual intervention, the reconstruction of Monsanto main sewer is the alternative presenting higher cost per unit of APDI reduction.
As presented in Fig. 4 , the INSA also allows the estimation of average annual pollution loads discharged into receiving waters by each alternative, taking into account its origin (raw wastewater, stormwater, overflows and WWTP treated effluent).
It is important to notice the considerable pollution loads present in stormwater, exceeding the annual pollution loads of overflows and treated wastewater in all alternatives. This is evidence that during wet weather (and particularly in the initial phases of the corresponding hydrographs), the pollution loads transported by urban stormwater are significant. Furthermore, these loads are frequently higher than the pollution loads discharged into receiving waters (treated effluents) during dry weather. These results are corroborated by other researches in different case 631  632  633  634  635  636  637  638  639  640  641  642  643  644  645  646  647  648  649  650  651  652  653  654  655  656  657  658  659  660  661  662  663  664  665  666  667  668  669  670  671  672  673  674  675  676  677  678  679  680  681  682  683  684  685  686  687  688  689  690  691  692  693  694  695 studies (Gnecco et al., 2005; Lau et al., 2002) and in the same basin (Ferreira, 2006; Gondim, 2008) .
The data used for evaluating different alternatives, namely population size and intervention costs, were obtained from detailed projects promoted by SIMTEJO, S.A., and are considered accurate. Nevertheless, a sensitivity analysis was performed around population size (and also rainfall intensities) in order to evaluate the impact of different population growths (or climate changes) in the prioritization of interventions. For this purpose, a AE20% variation in the values presented in Tables 2 and 3 was considered and the INSA was once more applied. The results show no significant variations regarding the APDI values per alternative and the corresponding cost/APDI reduction unit (see Table 5 ), so the priority of the proposed rehabilitation measures remains unchanged.
Conclusions
The compliance with higher quality standards and the constant rehabilitation requirements of existing sewer systems in a limited resources scenario requires the correct selection and prioritization of interventions.
Although numerical modelling and performance assessment are becoming standard procedures, their application as decision support tools is still not usual. This is part due to the systems complexity, part to the lack of sufficient data and part to the incompatibility between the time required to develop and validate such modelling approaches and time demands of decision makers.
The Integrated Simplified Approach (INSA) proposed in this paper is specially appropriated for use during the initial phases of the wastewater planning process, particularly in pseudo-separate systems and in situations where a small amount of time and money is allocated to the collection of experimental and field data. The INSA is regarded as a management support tool since it can be used to assess the environmental performance of existing systems, identify problematic situations and simulate, in a straightforward way, the environmental effects of different rehabilitation measures. The obtained APDI should be evaluated accordingly to a conventional performance grading established considering the uses and sensitivities of the receiving waters.
The INSA was applied to a major urban wastewater system in Lisbon, Portugal, in order to evaluate the individual or combined impact of the different rehabilitation measures proposed, thus defining their priority. The results clearly indicate that, despite the adequate performance of the Alcântara WWTP, satisfying all legal requirements, the performance of the actual integrated wastewater system is classified as very deficient. Therefore, additional interventions must be implemented to ensure an acceptable environmental performance of the entire system. The prioritization of alternatives, based on the total cost per APDI reduction unit and on their impacts in terms of the integrated system performance, indicates that alternative A5 (reconstruction of Monsanto main sewer and rehabilitation of all problematic weirs) should be implemented firstly. These interventions are presently being carried out by SIMTEJO, S.A.
The approach outlined in this paper may be replicated in other situations, also considering other pollution parameters such as BOD 5 or pathogens.
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Appendix A
Equations for wastewater systems serving multiple drainage basins in series with the sewer lines.
Besides Equations (1)e(7), the following equations should be considered for each drainage basins B i :
Condition to occur overflows:
where F rS Bi and F aS Bi , respectively, are the stormwater flow and dry weather flow originated in the basin; F dws Bi represents the flow from the previous basin discharged downstream by the corresponding infrastructure and Cap S Bi its hydraulic capacity.
Flow directly discharged into receiving waters: 
Average COD concentration of overflows:
Mean mix ratio between stormwater and domestic wastewater during overflow events:
Theoretical reference COD load and actual COD load:
Equations for wastewater systems serving multiple drainage basins in parallel with the sewer lines.
Besides Equations (1) 
Average COD concentration of overflows occurring immediately upstream of the WWTP:
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